A B S T R A C T Assay conditions have been developed for the determination of urinary 8-glucuronidase, ,8-galactosidase, a-galactosidase, and, -hexosaminidase using fluorometric substrates. The assay conditions for ,8-glucuronidase overcome interference by both low and high molecular weight inhibitors, a problem that has confused earlier studies of enzyme excretion.
INTRODUCTION
The presence of a variety of Iysosomal enzymes has been reportedl in human urine (1), including 8-glucuironiidase, a-galactosidase, 8-galactosidase, a-Nacetylglulcosaminiidase, a-mannosidase, a-amylase, arvl sulfatase, and acid phosphatase. Among these, Received for publication 31 Mai 1977 antd in revised forrm 24 October 1977.
,8-glucuronidase has beeni the most extensively studied (for review see Wakabayashi [2] ). Changes in the urinary level of this enzyme have been reported in a variety of pathological states, including urinary tract infection (3) (4) (5) (6) , renial disease (7), transplantation rejection (8) , protein-calorie malnutrition (9) , epilepsy (10) , and neoplasms of the bladder (11) , testes (12) , larynx (12) , and breast (12) . In addition, the enzyme normally rises during the third trimester of pregnancy (4) .
The presence of urinary glucuronidase has been implicated as an etiologic factor in the development of bladder cancer by Boyland and co-workers (13) . They have suggested that the first step in carcinogenesis by aromatic amines and nitroso compounds is their activation by hydroxylation in liver. Before leaving the liver, the hydroxylated derivatives are further converted to noncarcinogenic products by conjugation, primarily with glucuronic acid. When excreted into urine, these conjugates come in contact with urinary glucuronidase. The favorable pH and temperature of urine in the bladder facilitate enzymatic hydrolysis with the liberation ofactive carcinogen. Elevated levels of glucturonidase have been observed in the urine of bladder cancer patients (11) (12) (13) (14) , but it is uncertain whether this is a cause or consequence of the disease.
One wav to resolve this dilemma is to ask whether individual variation in glucuronidase excretion among nornmal individtuals is genetically determined, and if so, to ini(juire whether bladder canicer patienits carry a genetic predisposition to high enzyme excretion. The genietic characteristics of bladder cancer patients can be deduced without complication by the disease itself by measturiing enzyme excretion in their progeny. As a preliminary to such experiments, we have examined the excretioni of 8-glucuronidase (E.C. 3.2.1.31) and three additional lysosomal enzymes: a-galactosidase (E.C. 3 751 -762 of high as well as lowimolecular weight enzyme inhibitors. Fortunately, the recent work of Sakamoto et al. (15) (16) (17) (18) has provided a solution to this problem. In retrospect, it is now apparent that much of the published literature on glucuronidase excretion is of uncertain validity.
The primary observation we have made is that the lysosomal hydrolases present in human urine undergo coordinate variation. Their levels fluctuate in parallel, so that the ratio of each enzyme to the others remains constant. The average output of each enzyme, and its proportion to the others, is a rather constant characteristic of normal individuals. Among the human population there is a considerable range in excretion patterns that, with certain exceptions, is unrelated to age or sex. The explanation of coordinacy probably lies in the source of excreted enzyme, which appears to be lysosomes that are extruded into the lumen of proximal convoluted tubules by kidney epithelial cells.
METHODS
Urine collection. Urine was collected either as daily samples taken at the first voiding on rising in the morning, or as total volumes over a 24-to 30-h period. Enzyme stability in the bladder before collection does not seem to be a problem, since no differences in enzyme excretion were found comparing short (2 h) and long (overnight) urine collections. To inhibit subsequent bacterial growth, samples were made 1 mM in sodium azide at the time of collection and then refrigerated. Samples were analyzed within a few days of collection. Samples refrigerated in the presence of azide showed little change in enzyme activity after 5 days and 65-85% survival of the four lysosomal enzymes after a month of storage. Glucuronidase was the most stable enzyme and a-galactosidase the least. These results were fairly uniform from one individual to the next.
After removal ofan aliquot of urine for creatinine determination, 3 ml of each sample was prepared for enzyme assay by dialysis in the cold for a minimum of4 h, but usually overnight, against two changes of0.03 M citrate buffer, pH 6.0, containing 0.1% Triton X-100 and 0.1 M NaCl. This step removes low molecular weight inhibitors and is especially important in the assay of glucuronidase and hexosaminidase.
Assays. Assays of the four hydrolases studied were based on the fluorometric measurement of 4-methylumbelliferone (4MU)1 liberated from the appropriate glycoside. An aliquot of dialyzed urine (0.02 ml) was taken for assay of each enzyme. /3-Glucuronidase. The aliquot was incubated at 37°C for 2 h in a stoppered tube in a final volume of 0.1 ml containing 0.1 M acetate buffer, pH 4.6, 0.1 M Na2SO4, 0.1% Triton X-100, and 3 mM 4MU-glucuronide trihydrate. The reaction was stopped and the fluorescence developed by the addition of 1.3 ml of 0.1 M Na2CO3.
a-Galactosidase. The aliquot was incubated at 37°C for 2 h in a stoppered tube in a final volume of 0.1 ml containing 0.1 M citrate buffer, pH 4.9, and 7 mM 4MU-a-D-galactoside. The reaction was stopped and the fluorescence developed by the addition of 1 proportionately. Such anl effect wouild restult if the inhibitor binds 1)oth to free enzyme molecules and to enzynme-substrate complexes, but more tightly to the enzyme-substrate complex. In the presence of sulfate ionl anid satuiratinig substrate concentrationis, the pH optimumti of the enzyme is 4.6 in acetate buffers (Fig. 3 ).
The use of citrate buffers, which is optimal for the other Table I , except that 0.1 M citric acid-sodium citrate mixtures were used to adjust pH. Data are plotted on a semilog basis. enzymes studied here, was avoided, since this substance is an inhibitor of, 3-glucuronidase. Under these assay conditions, namely using dialyzed samples assayed at substrate saturation in the presence of0.1 M sulfate ion at pH 4.6, the enzyme assay is linear in both enzyme concentration and time. These are the only circumstances under which we have observed linear enzyme assay. In the absence of sulfate ion the reaction is nonlinear, and nonlinearity becomes worse at higher enzyme (urine) concentrations. At the urine concentrations required for assay with colorimetric substrates such as the nitrophenol or phenalphthalein derivatives, the error may be several hundred percent.
The glucuronidase activity present in urine appears to reside in a single species of enzyme molecules. A single activity band was obtained with disc-gel electrophoresis using the modified method of Clarke (24) . Dialyzed urine (10 lO) was applied to 7% polyacrylamide gels, and 300 V (constant voltage) was applied for 60 min. evidence for the presence of inhibitors of either a-galactosidase or f3-galactosidase in dialyzed urine samples. The Michaelis constants and pH optima (Fig.  4) were determined for these two enzymes. For each enzyme, assays were linear in both enzyme concentration and time at the substrate concentration and pH used. An examination of their heat denaturation kinetics failed to indicate the presence of a second enzyme component for either enzyme.
We should comment that some urine samples behave as though they contain a heat-stable dialyzable factor that inactivates these two enzymes. Similar phenomena have been reported previously (26) . The effect results from excess excretion of alkali, raising the urine pH to the range where these two enzymes are unstable, with enzyme destruction before or during the first hours of dialysis. This results in low and erratic apparent enzyme activities. The effect is very rare in normal individuals, having beein observed in only a few percent of our subjects. It is, however, relatively common in certain disease states, such as in patients with cystectomy, where the urine pH is regularly above 8.0. Under some circumstances it may be advisable to include an appropriate buffer in the collection bottle.
,f-Hexosaminidase. Low molecular weight inhibitors are present in urine, but these are removed by dialysis. The substrate affinity and pH optimum (Fig. 4) for,B-hexosaminidase were determined. Under optimal conditions of pH anid saturatinig substrate, the enzynie assay is linear. We suspect the presence of two distinct (27) have described reaction conditions for 4MU substrates of 8-galactosidase and hexosaminidase that differ somewhat from those. In particular, the optimal (i.e., saturatinig) substrate concentration for hexosaminidase is higher than that stuggested by Dance et al. (27) . Also, the l3-galactosidase substrate concentration is lower than saturatinig dtue to linmited solubilitv of the substrate.
Coorditacyj of ly~sosomnal enz1IIIn8S. The urinie con1-tenit of the four lNsosomal enzynmes studied, expressed per milligrams of creatininie, varied considerably, durinig a single 24-h cycle and from one day to the next. However, this variation was largely coordiniate, in the senise that the activities of all four enzymes fluctuated in a parallel fashion. In Fig. 5 are presenited the 24-h cy-cles of the four enzynmes in two subjects. The data are presen1ted as a semi-log plot in which parallel cturves indicate a constant ratio of activities. In Fig. 6 (Table III) , nor do they vary in any systematic way during the menstrual cycle of adult females.
Population distribution. From these results it is apparent that for each acid hydrolase an individual is characterized by two parameters. The first is the total enzyme excretion, the average of which can be determined with some accuracy if sufficient measurements are made; and the second is the coordinacy ratio ofthat enzyme to other acid hydrolases, which can be determined with considerable accuracy since it is quite constant. The distribution of both parameters has been measured in a population of 125 normal individuals, with a-galactosidase as the reference enzyme for expressing coordinacy ratios.
The daily excretion of each enzyme varies widely in the normal adult population (Table IV) . This is not sex related. The lack of sexual dimorphism is noteworthy, since such a dimorphism is seen in mice (29) and rats (30) for glucuronidase. There is a tendency for prepubertal children to show somewhat higher excretion rates (about 50% higher). In addition, there is a tendency to slightly higher enzyme excretion in older persons; this is most pronounced for hexosaminidase. When plotted as cumulative probabilities, the enzyme distributions are log normal (Fig. 7) , indicating that a number offactors influence total excretion and that each factor has a proportional, or relative, effect on enzyme excretion.
As expected, the range of coordinacy ratios is less, approximating four-to fivefold (Table V) . There are no significant changes in coordinacy ratios with sex or age, again with the possible exception of an increasing excretion of hexosaminidase in older people. Like total enzyme excretion, coordinacy ratios are log normal distributions (Fig. 8) .
Origins ofcoordinacy. studied are large, ranging in molecular weight from 110,000 to over 300,000, suggesting that their presence in urine does not result from glomerular filtration of serum enzymes. To confirm this, we have tested whether the amount of enzyme excreted per unit volume of blood filtered (i.e., enzyme units per milligram creatinine in urine) depends upon the concentration of enzyme in blood. Serum and urine levels did not fluctuate in parallel, and we failed to find any relationship between the two (Fig. 9) . Similar results were obtained on a total of five subjects. If the lysosomal enzymes enter urine after the glomerulus, this could result from active secretion of the enzymes or from the shedding of entire cells, or their contents, inito urinie. To help distinguish these two possibilities, we have used lactate dehydrogenase as a nonlysosomal marker enzyme. Measurements of this enzyme over 24-h cycles, or on repeated morning samples, failed to show coordinacy with the lysosomal enzyme (Table VI) . While there is a very high correlation coefficient betweeni the excretion of other acid hydrolases and a-galactosidase, there is only a weak correlation between the excretion of lactate dehydrogenase and a-galactosidase. This is the ex- 40 c TIME FIGURE 9 Lack of coordinacy between plasma and urinary /3-glucuronidase. Total urine collections and blood samples obtained periodically. Urinary glucuronidase levels (shaded area) are plotted as horizontal lines over the time interval of each collection; plasma enzyme levels (0 0) are plotted at the time each sample was obtained.
pathway for the excretion of all four hydrolases. Given the data so far presented, a likely possibility for this pathway is extrusion of lysosomes from epithelial cells (see Discussion). We can estimate how much of the population variation is in this common pathway (which affects all four enzymes simultaneously), and how much is in the entry of individual enzymes into this pathway, by determining the extent to which enzyme excretion levels are correlated between individuals (Table VII) . From the average correlation coefficient of all measurements (rave = 0.715), we estimate that half of the population variability is in the common pathway Assay. The fluorogenic 4MU substrates used here for the assay ofacid hydrolases are far more sensitive, on the order of a hundredfold or more, than the more traditional p-nitrophenol and phenolphthalein substrates. This permits the assay of much more dilute urine samples, which, combined with prior dialysis of the urine, provides for simple, uncomplicated, linear assays of the two galactosidases and hexosaminidase.
The case of f3-glucuronidase is more difficult, however, because of the presence of high molecular weight mucopolysaccharide inhibitors that are active even in very dilute and dialyzed enzyme samples. Fortunately, the inclusion of sulfate ion in the reaction mixture reverses these inhibitions. Taking advantage of this, it has been possible to devise linear assay coiiditions for ,3-glucuronidase as well. It should be noted that nearly all of the published literature on urinary levels of glucuronidase has ignored the problem of the high molecular weight inhibitors, and their action is included in conventional assay procedures. This effect is particularly serious at higher enzyme (urine) concentrations, such as those required using the less sensitive p-nitrophenol or phenolphthalein substrates. Therefore, caution is required in interpreting literature reports of changes in apparent glucuronidase activity in human urine. Older procedures underestimate glucuronidase levels to an unknown extent, and it is not clear, when differences in enzyme activity were observed, whether these represented changes in the enzyme itselfor changes in levels ofinhibitor excretion. We find that levels of sulfate-reversible inhibitor are sensitive to a variety of environmental factors, including diet.
Origins ofcoordinacy. The existence of coordinacy suggests that the lysosomal enzymes are excreted as a package. The number of packages released per hour fluctuates during the day and from one day to the next; but the average enzyme composition of packages is quite constant. Some information is available regarding the probable source of these packages. The high molecular weights of the enzymes and the failure to observe any relationship between serum and urine enzyme levels suggest that they do not represent enzyme derived by glomerular filtration. Similar observations failing to correlate levels of serum and urine acid hydrolases have been reported by Begum (9) and Erickson et al. (31) . If the acid hydrolases enter the urine subsequent to filtration, then two possibilities present themselves. The packages could represent the enzyme content of exfoliated cells, or they could represent the end result of active secretion into the urinary tract. That the enzymes are probably not derived from exfoliated cells is suggested by the failure to observe coordinacy with lactate dehydrogenase, a nonlysosomal enzyme that one would expect to be coordinate if the packages represented the contents of an entire cell. The notion that urinary lysosomal enzymes are actively secreted agrees with similar observations in experimental animals where epithelial cells appear to extrude their contents into the tubular lumen. In mice the lysosomal enzyme content ofkidney proximal tubule epithelial cells can be extensively modulated by both hormonal and genetic manipulations (32) (33) (34) . The kidney content of these enzymes is directly related to the rate at which epithelial cells synthesize these enzymes (33) and inversely related to the ease of release (34) . Electron micrographs of actively secreting animals show the presence of secretion material in epithelial cell lysosomes clustered about the brush border (35 (36) (37) (38) (39) and the attachmenit of glycosyl side chainis (40) , there is population variation in regulatory genes controlling enzynme concenitrationi. Regulatory genes have been reported that control enzyme levels in the whole organism (41, 42) and in specific tissues (41, 43, 44) , as well as determinie the ability to induce enzynme synthesis in response to hormonal stimuli (33) . In the humani populationi, genetic variation in genes such as these would affect the supply of one or another lvsosomnal enzvme in kidney, resultinig in individual differences in coordinacv ratios.
In addition to these genes, wvlich affect single lvsosomial enzvmes, a set ofgenes has been identified in mice that affects l+?sosomnal enzymes collectively by determiniing rates of lysosome secretion (45, 46) . Variationi in this latter group affects the number of packages released per hour ancd the excretion of all lvsosomncal enzym-nes. If humnan lysosomal enzyme excretion procedes by a similar route, then the equivalent geines in the humani populatioin would affect overall rates of enzyme excretion, but not coordinacy ratios. Interestingly, all the genes of this type so far discovered in miee also affect pigmlenitationi, presumilablv as a result of abnormal melanosome transport, melainosom-ies being structurally related to lysosomes. The most intensively studied mouse mutaint, beige, is a rather exact animiial equivalenit of the humilani genetic defect Chediak-Higashi syndrome. Children affected with this (lisease are characterized by hypopigmelltation, increased susceptibility to disease, and the preseince of' abnormally large lsosomes in manys cell types (47) .
The degree of correlationi amiiong the genieral huimani popuilationi in the excretioni of' each enzx'me stuidied (Table VII) suiggests that albout one-half the popuilationi variation affects individual enzymes, and hence coordinacy ratios, and about one-half affects the collective excretion process, and hence overall rates of excretion but not coordinacy ratios. To the extent that this variation is genetic in origin, we might expect a similar partition of polymorphic genes; perhaps one-half of the genetic variation occurring in our population sample is in genes determining the synthesis of individual enzymes anid onie-half is in genies determining the excretioni process.
Physiologic funlctioni. In the absencXe of additional physiological informationl, we can only speculate on the possible function of extrudiing Iysosomes, or their conteints, iinto the lIumen1 of the urinary tract. Two hypotheses offer themselves for further test. The first is that the process represents a bacteriostatic or bacteriocidal device to prevent pathogen infection in the bladder and urinary tract. Urine is typically acid in its pH and provides a favorable environment for the action of lysosomal enzymes. Arguing against this possibility is the relative resistance of living bacterial cells to digestion by lvsosomal enzximes, particularly as dilute as they are in urine, and the necessity that host cells lining the urinary tract would require mechanisms to defend themselves against the action of lysosomal enzymes. The second hypothesis is that extrusion of lvsosomal contents is primarily an excretion mechaisnism operatinig in proximal tubule epithelial cells, its most probable purpose being the elimination of indigestible residuies left after hydrolysis of high molectular weight materials recaptured from the glomerular filtrate.
